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A fragment of staphylococcal  nuclease  with  an  OB-fold 
structure  shows  hydrogen-exchange  protection factors 
in  the  range reported for  “molten  globules” 
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Abstract: Hydrogen-exchange rates for an OB-fold subdomain 
fragment of staphylococcal nuclease have been measured at pH 4.7 
and 4 “C, conditions close to the minimum of acidlbase catalyzed 
exchange. The strongest protection from solvent exchange  is  ob- 
served for residues from a five-stranded P-barrel in the NMR 
structure of the protein. Protection factors, calculated from the 
experimental hydrogen-exchange rates, range between 1 and 190. 
Similarly small protection factors have in many cases been attrib- 
uted to “molten globule” conformations that are supposed to lack 
a specific tertiary structure. The present results suggest that mar- 
ginal protection from solvent exchange does not exclude well- 
defined structure. 
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A common application of hydrogen-exchange methodology is the 
characterization of species that are not amenable to direct NMR 
study. These include short-lived kinetic folding intermediates (Rod- 
er et al., 1988; Udgaonkar & Baldwin, 1988), equilibrium folding 
intermediates with large line-broadening contributions due to con- 
formational exchange or aggregation (Hughson et al., 1990) protein- 
chaperone complexes that are otherwise too large for NMR analysis 
(Zahn  et al., 1994), and subglobal unfolding units whose concen- 
trations are too small to allow direct NMR detection (Bai et al., 
1995). Hydrogen-exchange data are usually analyzed in terms of 
the Linderstrom-Lang (1955) model. This model presupposes a 
“closed”  exchange resistant conformation, and an “open” ex- 
change susceptible conformation for each labile site: 
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Abbreviations: AG,(O), free-energy of unfolding extrapolated to zero 
denaturant concentration; GuHCI, guanidinium hydrochloride:  HSQC, 
heteronuclear  single quantum correlation;  OB-fold,  oligonucleotide/ 
oligosaccharide-binding fold; pdTp, thymidine 3’S-bisphosphate; PF, pro- 
tection factor; SN-OB, residues 1-103 fragment of staphylococcal  nuclease 
containing the global suppressor  mutations V66L and G88V. 

kop 

closed @ open + exchanged . (1) 
kc/ 

Exchange is believed to occur  due to transient “breaking” of hy- 
drogen bonds, through either local or global fluctuations in protein 
structure. In the EX1 limit, the rate of closing (kc / )  is much slower 
than the intrinsic “chemical” rate of exchange (kch), and the ob- 
served rate (kobs) is limited by the opening rate (kc,p): 

In the EX2 limit, kc, is much faster than kc,, and kohs is limited by 
the fraction of conformations in the open state: 

In the EX1 limit, hydrogen exchange is pH-independent, whereas 
in the EX2 limit, kc, and hence kobs increase IO-fold  with each pH 
unit (Baldwin, 1993). The EX2 limit is almost always observed in 
the pH range between 4 and 7  (Bai  et al., 1995) because formation 
of hydrogen-bonded structure is usually much faster than intrinsic 
exchange (Englander & Kallenbach, 1984). In kinetic experiments, 
where pH values ranging between 9 and 1 1  are often necessary to 
achieve hydrogen-exchange timescales (- 1 ms) comparable to 
those for protein folding or unfolding (Baldwin, 1993), hydrogen 
exchange may  be in the EX1 regime (Englander & Mayne, 1992) 
or in  the range between the EX1 and EX2 limits (Pedersen  et al., 
1993). The pH dependence of kob., can be used to distinguish 
between EX1 and EX2 mechanisms, provided krl  and k, are in- 
variant as a function of pH (Pedersen  et al., 1993). 

It is possible to correct for the effects of pH, temperature, 
and protein sequence (to  a first approximation nearest neighbor 
effects) by normalizing against exchange rates for model peptides 
(k,,,<,<,). In the EX2 limit, with the assumption k,, - kmc,dr Equation 
3 can be recast to a form that describes an equilibrium constant 
relating the concentrations of open and closed conformations: 

AGc,p = -RT In Kc,,, 
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Fast hydrogen exchange in a folded protein 

The reciprocal of the  equilibrium  constant Kop is commonly 
expressed as  a "protection factor" (PF = l /Kop)  that describes 
the slowing of hydrogen exchange relative to model peptides. In 
the EX2 limit, the protection factor is thus specifically a measure 
of the stability of a given hydrogen bonded site. 

SN-OB  is  a 1-103 fragment of the 149-residue protein staph- 
ylococcal nuclease that contains  the global suppressor mutations 
V66L and G88V (Shortle & Meeker, 1989; Alexandrescu et al., 
1995). These mutations were identified as second-site revertants of 
mutant nuclease phenotypes using assays of enzymatic activity 
(Shortle, 1986), and stability to denaturation (Shortle & Meeker, 
1986). The NMR structure of SN-OB has been solved based on 
NOE-distance and 3JH,H,-dihedral restraints (Alexandrescu et al., 
1995). The structure consists of the "OB-fold" (Murzin, 1993) 
subdomain of wild-type nuclease: a five-stranded P-barrel and an 
a-helix. When SN-OB is dissolved in D,O under the conditions for 
which the NMR structure was determined (pH 4.7, 32 "C), all 
labile amide protons are exchanged in less than 20 min. To obtain 
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quantitative data, we measured hydrogen-exchange rates for SN-OB 
at pH 4.7 and 4 "C. Under  these conditions, most amide protons 
with protection factors greater than IO should persist long enough 
(-30 min) to allow detection of their NMR signals in D,O. 

Results and  discussion: Figure 1A shows  'H-''N HSQC spectra 
of SN-OB in H,O; and as  a function of time after dissolving the 
protein in D,O (Fig. IB,C,D). Figure 2 shows protection factors 
calculated from the hydrogen-exchange data by the method of Bai 
et al. (1993), mapped on to the sequence (Fig. 2A) and NMR 
structure (Fig. 2B) of SN-OB. To a first approximation, the amide 
protons that are most resistant to solvent exchange  are from resi- 
dues in the five-stranded P-sheet and the a-helix of SN-OB. 

Figure 3  shows GuHCl denaturation profiles for SN-OB moni- 
tored by mean residue ellipticity at 221 and 275 nm. The denatur- 
ation curves give AGJO) values of 2.4 ? 0.5 kcal/mol and 1.9 ? 
0.4 kcal/mol for the peptide (Fig. 3A) and aromatic (Fig. 3B) re- 
gions of the CD spectrum, respectively. The AG,(O) value obtained 
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from  the  peptide region of the CD spectrum  predicts  protection 
factors ranging from 30  to 190 for amide  protons that exchange 
through a global unfolding mechanism (Equation 4). consistent with 
the hydrogen-exchange data (Fig 2A). The highest protection fac- 
tors in SN-OB are reduced by factors of 300  and  5,000 compared 
to those of wild-type nuclease, and to those for  the protein com- 
plexed with the inhibitor pdTp  (Loh  et al., 1993). respectively. The 
attenuated protection from solvent-exchange in SN-OB  is consis- 
tent with the lower free energy of unfolding for  this protein, com- 
pared to that for wild-type nuclease [AG,(O) = 6.4 +- 0.3 kcal/mol, 
37 “C], and to that for wild-type nuclease complexed with pdTp 
[AGJO) = 8.2 ? 0.3 kcalhol, 37 “C]  (Loh et al., 1993). 

Protection factors for SN-OB fall between 1 (I18 in PI) and 190 
(R35 in P3). Similarly low protection from solvent exchange has 
often been attributed to unstructured, and/or “molten globule” con- 
formations (Hughson et al., 1990; Miranker et al., 1991; Englander 
& Mayne, 1992; Lu & Dahlquist, 1992; Radford et al., 1992; 
Baldwin, 1993; Robinson et al., 1994; Zahn et al., 1994; Miranker 
& Dobson, 1996). For  example, a kinetic intermediate of a PI 17G 
mutant of staphylococcal nuclease shows protection factors rang- 
ing between 1 and 63 (Jacobs & Fox, 1994). The strongest pro- 
tection in this  kinetic  intermediate  occurs for regions of the 
polypeptide chain that form the  P-sheet of wild-type nuclease, and 
of SN-OB. It has been suggested (Jacobs & Fox, 1994) that the 
P-sheets comprised of strands 1-3 and 4-5  may only be associated 

Fig. 2. Protection factors for SN-OB. A: Pro- 
tection factors as a function of sequence. Black 
bars indicate amide protons that exchanged 
t o o  fast to allow quantitative  determination of 
hydrogen-exchange rates. B: Protection  factors 
as a function of the  NMR  structure of  SN-OB 
(Alexandrescu et al., 1995; lowest energy NMR 
structure of PDB accession code 2SOB). White 
circles, fast exchangers; gray,  protection factors 
between I and 50; black, protection factors above 
50. The fastest experimentally determined  rate 
was 0.0016 s” for residue 118. Excluding the 
N-terminus, the fastest intrinsic  rate  predicted for 
SN-OB  is  0.055 s” for  residue EIOI. Based on 
these observations, it is possible to estimate an 
upper limit of 34 on the  protection factors of any 
residues indicated  by  black  bars in A or white 
circles in B. 

through “molten hydrophobic interactions” in this kinetic inter- 
mediate. The basis for this suggestion was the lack of significant 
protection for  the two “tertiary” amide proton probes of A12 
(PF = 2) and A90 (PF = 6), which in the X-ray structure of 
wild-type nuclease are hydrogen bonded to the carbonyls of  172 
and R35, respectively. In the present study, A90 has a protection 
factor of 117, whereas the exchange rate of AI2 is t o o  fast to 
measure (we estimate an upper bound of 3 on the protection factor 
for A12). In general, there is a good correlation between protection 
from hydrogen exchange and hydrogen bonds observed in crystal- 
lographic studies  (Englander & Mayne, 1992). It is not too un- 
common, however, to find that amide protons that are hydrogen 
bonded in a crystal structure show only marginal protection from 
exchange. This fast exchange presumably reflects that local hy- 
drogen bond stability is lower than that for global unfolding. For 
the kinetic intermediate of nuclease PI 17G, the low protection of 
the amide protons of AI2 and A90 may reflect that the P-barrel 
structure is not formed (Jacobs & Fox, 1994). Alternatively, the 
P-barrel may be formed, and the fast exchange of the two amide 
protons could reflect a lower stability for the tertiary A 12-172  and 
R35-A90 hydrogen bonds than that for global unfolding. 

In its original definition (Dolgikh  et al., 1981; Ohgushi & Wada, 
1983), the molten globule is a compact conformation with a native- 
like secondary structure, but a fluctuating tertiary structure. Ex- 
amples  were  given for the molten globules of a-lactalbumin 
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Fig. 3. Mean residue ellipticity of SN-OB at 221 nm (A) and 275 nm (B) 
as a function of GuHCl concentration (filled circles, F + U transition; open 
circles, U + F transition). Lines represent six-parameter nonlinear least- 
squares fits (Kalnin & Kuwajima, 1995) of the F + U transitions to  a 
two-state unfolding model. The U -+ F data are shown for reference but 
were not included in the f i t  because there are fewer points to define the 
folded-state baseline. The parameters obtained for the unfolding transitions 
are C,,, = 0.87 ? 0.09 M, m = 2.8 2 0.5 kcal.mol"-M" for the 221 nm 
data; C,,, = 0.69 2 0.10 M, m = 2.8 2 0.4 kcal-mol-l-M-' for the 275 
nm data. AG,(O) values of 2.4 ? 0.5 kcal-mol" and 1.9 ? 0.4 kcal-mol" 
were calculated for the 221 nm and 275 nm data, respectively, by solving 
the equation AG, = m(c, - c )  for  zero denaturant concentration. 

(Dolgikh  et al., 198 1) and of cytochrome c (Ohgushi & Wada, 
1983). For both molten globules, the NMR chemical shift disper- 
sion was considerably smaller than that of the respective native 
states, and approached that of a random coil conformation. The 
NMR data for  SN-OB  are clearly inconsistent with a molten glob- 
ule conformation. The NMR structure of SN-OB (Alexandrescu 
et al., 1995; PDB accession code 2SOB) is based on 265 long- 
range NOE constraints. The P-barrel of SN-OB (residues 7-1-8, 
22-35,71-76,88-95) is reasonably well defined (Ca,N,C' RMSD 
of 0.72 8, between NMR structures), and highly similar to that in 
the X-ray structure (Hynes & Fox, 1991) of wild-type nuclease 
(Ca,N,C' RMSD of 1.13 A). The NMR structure of SN-OB was 
determined at 32 "C, and the hydrogen-exchange data were col- 
lected at 4 "C. Amide proton chemical shift values range between 
7.09 pprn (A69) and 10.21 ppm (K70) at 32 "C (Alexandrescu 
et al., 1995), and between 6.98 pprn (A69) and 10.19 pprn (K70) 
at 4 "C (Fig. 1 A). By contrast, amide proton chemical shift values 

for residues 1-103 in nuclease under strongly denaturing condi- 
tions (Wang & Shortle, 1995) range from 7.9 ppm (E57)  to 8.7 
pprn  (192). The NMR chemical shift dispersion at 4 "C indicates 
that the protein contains significant tertiary structure. Furthermore, 
all amide proton chemical shifts are conserved within 20.24 ppm 
between the two temperatures. Considering the relatively high sen- 
sitivity of amide proton chemical shifts to temperature, changes of 
this magnitude suggest that the structure of SN-OB is highly con- 
served between the two temperatures. Indeed, we estimate an up- 
per limit of 500 on the protection factors for any of the backbone 
amide protons of SN-OB under the conditions (pH 4.7, 32  "C) for 
which the NMR structure was determined [based on the observa- 
tion that all amide protons exchange within 20 min  of dissolving 
the protein in  D,O (kohs > 0.0008 s - ' ) ,  the exclusion of the fastest 
exchanging amide protons with kohs between 0.1 s- and 10 s- I in 
magnetization transfer experiments (data not shown), and the con- 
sideration of the highest remaining kmod rate (0.42 s - '  for G29)]. 
In addition to SN-OB, we are aware of at least two other proteins, 
rTAP (Antuch et al., 1994) and apo-calmodulin (Kuboniwa et al., 
1995; Tjandra et al., 1995), with well-defined NMR structures that 
offer only marginal protection from solvent exchange. 

The timescale of the NOE is on the order of nanoseconds (Neri 
et al., 1992), a timescale considerably faster than that of hydrogen- 
exchange experiments (Baldwin, 1995). Conformations that are 
stable on the timescale of the NOE, or on the timescales of spec- 
troscopic techniques such as CD or IR, may interconvert with 
exchange-susceptible conformations on timescales much faster than 
those of hydrogen-exchange experiments (Buck et al., 1994; Guijarro 
et al., 1995). Furthermore, because the NOE decays with the inverse 
sixth power of the distance between two protons, the time-averaged 
intensity of the NOE will  be dominated by those conformations 
that achieve interproton distances shorter than 5 A. Indeed, it has 
been estimated that long-range NOE effects can arise from a frac- 
tional population of folded molecules as low as 0.1 (Neri  et al., 
1992). Conversely, unfolded conformations of a protein with a 
fractional population much below 0.1 would not  be easily detect- 
able in an  NMR spectrum (Bai  et al., 1995). Estimates of the 
accuracy of protection factors suggest that measured values may 
differ by factors of  2-5 from true values, due to systematic errors 
in kmod rates (Buck et al., 1994; Koide et al., 1995). Taken together, 
these observations suggest that, in principle, a protection factor as 
low as unity may  not rule out structure that is  either marginally 
stable on the timescales of hydrogen exchange, or significantly 
stable on timescales faster than those of hydrogen exchange. 

Protection from solvent exchange is strictly a function of the 
dynamics and stability of hydrogen-bonded conformations (Equa- 
tions 1-4). In the absence of high-resolution structural data, con- 
clusions about the type and extent of structure responsible for 
hydrogen-exchange behavior may be unwarranted. 

Materials and methods: "N-labeled SN-OB was prepared as 
described previously (Shortle & Meeker, 1989;  Alexandrescu 
et al., 1995). Hydrogen exchange was initiated by dissolving a 
fresh sample of I5N-labeled SN-OB in a 99.99% D,O solution of 
50 mM acetate, pH  4.5. The final pH of the sample measured after 
completion of the hydrogen-exchange experiment was 4.7. NMR 
data were recorded on  a Varian Unity+ 600 MHz NMR machine, 
with the NMR probe thermostated to temperature of 4 "C. Twenty- 
nine 'H-I'N gradient-HSQC spectra (Kay et al., 1992) with 1,024 
'H and 75 I5N complex points were collected over a total period 
of 1,058 min. The  4 earliest time points were collected with 1 scan 
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per FID (3 min per HSQC experiment). For the next 16 time 
points, 4 transients were averaged per FID (12 min per HSQC 
experiment). For the last 9 time points, 16 transients were averaged 
per FID (47 min per HSQC experiment). The  dead time of the 
hydrogen-exchange experiment was 17 min. Of this, the slowest 
step was the time required to dissolve SN-OB at 4 "C. 

The normalized intensity maximum of each cross-peak in the 
HSQC spectra was measured as  a function of exchange time, de- 
fined as the period from the addition of  D,O/acetate buffer to a 
lyophilized SN-OB sample to the end of each HSQC experiment. 
Rate constants for  exchange were obtained from a nonlinear least- 
squares fit of the exponential decay data to the equation (Bai et al., 
1993): 

H = H ,  exp( - kohs r )  + C 

with the initial intensity H<,, the baseline C, and the observed 
exchange rate k,, as free variables in the fit. Protection factors 
were calculated from the observed exchange rates and the kmod 
rates of Bai et al. (1993). 

CD data were collected on a Jasco 5720 spectropolarimeter. A 
0.1 -cm cuvette was used for measurements at 221 nm, and a 1 -cm 
cuvette for measurements at 275 nm. Cuvettes were thermostated 
at 4 "C during measurements. For the unfolding transitions, 37.5-pM 
samples of SN-OB in 50 mM acetate, pH 4.5, were incubated 
overnight at 4 "C with varying concentrations of  GuHC1. For the 
refolding transitions (Pace, 1986), unfolded samples of SN-OB in 
6 M GuHCl were diluted to varying concentrations of denaturant, 
and to a final protein concentration of 35 pM. Concentrations of 
GuHCl (ultrapure, ICN Biomedicals) were determined from re- 
fractive index measurements (Pace, 1986). 
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